Abstract -Factor analysis has been pursued as a means to decompose dynamic cardiac PET images into different tissue types based on their unique physiology. Each tissue is represented by a time-activity profile (factor) and an associated spatial distribution (structure). Decomposition is based on non-negative constraints of both the factors and structures; however, additional constraints are required to achieve a unique solution. In this work we present a novel method (minimal factor overlap -MFO) and compare its performance to a previously published constraint (minimal spatial overlap -MSO). We compared both methods using simulated data and on a canine model with variable 82 Rb infusion profiles. Biasing of factors due to spillover is reduced with MFO compared to MSO, while the robustness and reproducibility of MSO is maintained.
I. INTRODUCTION
UANTIFICATION of molecular function has been one of the main focuses in nuclear imaging research. In cardiac PET imaging, the blood time-activity-curve (TAC) is used as an input to a kinetic model describing uptake of the tracer molecule into the myocardium. The myocardium TAC is sampled and used as an output function of the model. The model parameters are then optimized to minimize the error between the modeled and measured output functions. The optimized parameters are used to quantify a function of interest such as perfusion, metabolism, or receptor binding. For accurate quantification, it is important to have physiologically accurate TACs of both the input and output functions. Commonly, the blood TAC is obtained by sampling a region of interest in the image that has a high blood concentration, as in the left ventricle (LV) cavity of the heart. However, limited spatial resolution, and uncorrected scatter can result in spillover of the myocardium signal into the left ventricle cavity. In addition blood vessels in the myocardium contribute blood signal into the myocardium. Spillover results in contaminated blood and myocardium TACs that contain a mix of true blood and myocardium TACs. To reduce the effect of spillover, techniques such as factor analysis have been proposed. An image series is decomposed into a finite number of temporal factors and their corresponding spatial distribution (structures). Ideally, the structures correspond to different organs in the image and the factors to their tracer activity concentrations over time. The decomposition may be expressed in matrix form as I = SF+E, where I is the dynamic image sequence with all pixels of the image contained in a column corresponding to a single time frame. The K rows of F contain the factors, which are timeactivity profiles. The K columns of S contain the spatial distribution (structure) of the factors in F. E represents the error, or residual activity that is contained in the image, and is not accounted for by the factors. The residue may be made to contain noise as well as undesired organs in the dynamic image sequence.
The process of image decomposition into factors is non-unique, requiring constraints that may be obtained from knowledge of the physical imaging process. Traditionally, a non-negative constraint is placed on both the factors and structures, which is representative of the known tracer distribution. In addition, Poisson statistics have been used to model the imaging process [1] . These constraints alone do not ensure a unique solution to the decomposition problem. In 2005 El Fahkri et al. [2] introduced an additional constraint that minimizes structure overlap in order to ensure a unique solution under the assumption that the myocardium does not overlap spatially with the LV cavity. The minimal structure overlap (MSO) technique serves the purpose of extracting blood time-activity-curves using the LV blood factor. However, this constraint may violate our knowledge of the myocardial anatomy, limited PET resolution, and uncorrected scatter, which can result in spatial overlap between structures. In this work we propose an alternative constraint that is based on temporal separation between factors and hypothesize that it results in more physiologically accurate factors and structures.
II. METHODS AND MATERIALS

A. Factor Analysis Algorithm
The following steps were carried out using our FADSTool computer software program: 1. Cropping -Images were manually cropped to include the heart and remove neighboring organs such as liver, gut, and lungs. 2. Region of Interest -A region of interest was automatically determined within the cropped volume to include regions with high signal intensity. All time frames were summed, and regions with intensity greater than 30% of maximum intensity were used in subsequent analysis. 3. Number of Factors (K) -The Eigenvalues of the image correlation matrix were sorted in decreasing order and cumulatively summed. The sums were scaled to unity and the corresponding numbers of factors were also scaled between 0 and 1. The cumulative sum was plotted against the scaled number of factors and the point with the shortest Euclidean distance to the point (0,1) was chosen for the number of factors to decompose. 4. Factor analysis of dynamic series of images (FADS) was applied with a relaxed non-negativity constraint as proposed in [1] (98% non-negative confidence interval). Resulting in factors F' and structures S'. 5. The ambiguity of the solution was resolved by iteratively solving for the factor rotation square matrix, R, so as to minimize a cost function f tot in two ways: a. MSO -Minimal Structure Overlap as described in [2] using the following equation:
b. MFO -Minimal Factor Overlap using the following:
is a combined penalty for negative values in both the rotated factors (F=F'R) and rotated structures (S=R -1 S') as described in [2] . f uni (X) is a penalty for overlap between the rows of X, also as described in [2] . Thus MSO minimizes spatial overlap between structures, and MFO minimizes temporal overlap between factors.
B. Image Data
Two sets of data were analyzed: 1. A dynamic image sequence containing two components (shown in figure 2 ) was simulated. The first region was a centered circle containing 100% blood. The second region was a centered ring containing 85% myocardium and 15% blood factors. 10% Gaussian noise was added to each time frame and was then smoothed with a 12mm FWHM Gaussian filter. The resulting image sequence (ignoring noise) is a series of linear combinations (defined by the factors) of the structures shown in left-most column (Source) of table 1. frames (12×10s, 2×30s, 1×60s, 1×120s , and 1×240s). The images were corrected for tracer decay.
C. Evaluation of Physiological Accuracy 1) Simulation Data
The results obtained using both constraints were validated against the known results of the simulated data. Structure patters and factor profiles were compared to the original simulation data.
2) Canine Data
The structures are representative of the anatomy of the subject. Each set of structures was visually validated against known anatomy. In addition, the structures obtained with both constraints were compared to ensure that they did not change as a result of varying the infusion interval. The factors, on the other hand, were analyzed for changes reflecting variations in the infusion interval. The blood factor is expected to rise from time zero until the end of the infusion and then decrease to near zero activity, as suggested in [3] . The relative decrease from peak activity to the activity in the final frame is defined as the blood clearance, where 100% clearance refers to a drop to zero activity in the final frame and 0% clearance refers to no drop. The myocardium factors are expected to increase monotonically. The initial rise is expected to continue past the blood peak and then plateau during the final uptake time frames, consistent with the retention of rubidium in the myocardium (and all other tissues). As the infusion interval increases the initial rise in both blood and myocardium factors spans more time frames, making the factors less distinct. Since the MFO constraint assumes temporal distinction of the factors, the wide range of infusion intervals was chosen to test the sensitivity of the algorithm to this assumption. Contrast between blood pool and myocardium was measured in the myocardium structures using an automated registration algorithm [4] . The algorithm automatically reoriented the myocardium structure to the LV reference frame and then registered the LV by optimizing a spline model of a partial ellipsoid. A blood pool region of interest was automatically defined in the center of the LV cavity. The difference between the mean LV and mean blood intensities relative to the mean LV intensity was defined as the contrast.
III. RESULTS
A. Simulation
The source structures of the two factors in the simulation were nearly exactly recovered using the MFO method, but not with the MSO method. From the blood pool structures, shown in the top row of table 1, it may be noted that with MSO a smaller circular region is reported, while MFO follows the source image very closely (sum of squared difference of error was 9% and 24% respectively). In figure 3 the factors are compared to the simulated factor data. The blood factors obtained with both MSO and MFO follow the simulated data closely, although MFO appears slightly more accurate (R 2 =0.943) than MSO (R 2 =0.927). While the myocardium factor obtained using MFO follows the simulated data closely (R 2 >0.999), the myocardium factor obtained using MSO does not (R 2 =0.247). Most of the error in the MSO myocardium factor occurred in the early time frames, in the form of a local peak associated with blood signal spillover. 
B. Canine Model
In all cases our algorithm automatically determined that the images should be decomposed into two factors, which accounted for 77-91% of the image variance. Similarly shaped factors were obtained with both MSO and MFO constraints as demonstrated in figures 4 and 5. The factors were automatically labelled (and verified) as blood-pool (combined LV and RV) and myocardium. The myocardium factors obtained with MSO consistently exhibited a larger local peak synchronized with the blood factor peak (insert of Figure 4) . suggesting that the myocardium factor was biased with blood signal. The blood factors obtained with the MFO constraint exhibited ~100% blood clearance in all cases. This is noted by the decreased of activity to near zero in the final frames. In the blood factors obtained using MSO, blood clearance was 60-85%, depending on the infusion interval ( Table 2 ). The slow MSO blood factor clearance compared to the results presented in [3] and the final clearance also suggest that the blood factor is biased with myocardium signal. Likewise, the structures obtained using both techniques were similar, as the examples in figure 6 demonstrate for the extreme cases of 15s and 240s elution durations. The blood structure is more dilated with MFO leading to increased overlap between the structures. In addition, increased thinning of the myocardial wall may be noted in the apex region with MFO vs. MSO. Excellent correlation (R 2 >0.95) between structures was measured for all infusion times, when the same constraint was used, indicating that the results are highly reproducible using both MFO and MSO constraints. Between constraints the correlation was reduced (0.75<R 2 <0.87). The contrast between blood pool cavity and myocardium in the myocardial structures was consistently greater using the MSO method as is demonstrated in Table 3 . These results are consistent with the MSO constraint which maximizes the spatial separation between factors. Therefore, MSO may be more suitable for applications that require maximization of structure contrast. 
IV. DISCUSSION
A. Factor Mixing The images used in this analysis have been significantly smoothed, producing overlap of structures, or bias. When spatial overlap is minimized (MSO), the baseline blood volume in the myocardium is included in the myocardium factor. Conversely, the myocardial spillover into the blood pool is included in the blood-pool factor. The resulting structures with MSO had higher contrast that emphasized anatomy. These results suggest that when factor overlap was reduced with MFO, purer factors were obtained and the structures included spillover and scatter effects that are inherent in the imaging process.
B. Temporal Distinction of Factors
While MSO applies a spatial separation constraint, MFO applies a temporal separation constraint. In the simulated data, there was a distinct temporal separation between the two factors, which lead to more accurate results using the MFO constraint. The canine data tested the temporal distinction between image components that is required to achieve reliable factor decomposition. As the infusion interval was increased the blood and myocardium TACs became more similar in appearance, however, the reproducibility in structures obtained with MFO suggested that the analysis was accurate throughout the entire range.
C. Number of Factors
When the images were decomposed into 3 factors the blood-pool and myocardium factors were split incorrectly to form hybrid factors, supporting the automated selection of 2 factors. The lack of discrimination between LV and RV blood pools in these images indicates that our imaging protocol may lack the temporal resolution required to visualize the transport delay between RV and LV in dogs. Furthermore, slow infusion may not produce distinct RV and LV blood signatures, making factor separation impossible. When the scans were decomposed into two factors, visual inspection of the residue (the portion of the image that is not accounted for by the resolved factors) did not reveal any persistent temporal patterns. In addition, the residue was nearly equal in all time frames. This would indicate that the residue consists primarily of noise, as expected. The dynamic sequence of residue images, demonstrated in Figure  8 , for 15 s and 240 s infusion intervals using both MSO and MFO revealed similar results regardless of the constraint. The right chambers of the heart could be discerned in the first time frame, indicating that the transport delay between the left and right chambers of the heart is visible and not accounted for by resolving two factors. However, the signal from this residue is very small when scaled to the original image data, as presented in figure 8. Fig. 8 -Example of residue in 15s and 240 s infusion images using both MSO and MFO reveals similar patterns regardless of the constraint. In the first time frame some unaccounted residual activity is present due to transport delay between left and right chambers of the heart, but this signal is very low compared to the original image.
Residue
D. Physiological Accuracy Validation
A limitation of this work is that no validation against an external gold standard was carried out. Comparison of blood structures with 11 CO blood-pool imaging [5] may be performed in conjunction with arterial sampling to obtain two validations on the same data set. Ultimately, the final goal of this work is to improve cardiac function quantification. Absolute myocardial blood flow measurements [6] using these factors and/or structures should be validated against invasive standards such as microspheres flow or another imaging standard such as 15 O-water MBF measurements. 
